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A comprehensive one-dimensional photochemical model extending from the middle atmosphere 
(50 km) to the exobase (432 km) has been used to study the escape of hydrogen and deuterium 
from the Earth's atmosphere. The model incorporates recent advances in chemical kinetics as 
well as atmospheric observations by satellites, especially the Atmosphere Explorer C satellite. 
The results suggest: (1) the escape fluxes of both H and D are limited by the upward transport of 
total hydrogen and total deuterium at the homopause (this result is known as Hunten's limiting 
flux theorem); (2) about one fourth of total hydrogen escape is thermal, the rest being nonthermal; 
(3) escape of D is nonthermal; and (4) charge exchange and polar wind are important mechanisms 
for the nonthermal escape of H and D, but other nonthermal mechanisms may be required. The 
efficiency to escape from the terrestrial atmosphere for D is 0.74 of the efficiency for H. If the 
difference between the D/H ratio measured in deep-sea tholelite glass and that of standard sea 
water, 6D = -770/00, were caused by the escape of H and D, we estimate that as much water as 
the equivalent of 36% of the present ocean might have been lost in the past. 
INTRODUCTION 
The escape of hydrogen from the terrestrial atmosphere is 
an interesting and important problem because of its obvious 
relationship to the stability and evolution of the atmosphere 
[Chamberlain, 1963; Walker, 1977], its possible connection 
with the rise of oxygen in the atmosphere [Berkner and Mar- 
shall, 1965; Kasting, 1979], and its role in comparative plan- 
etology [Pollack and Yung, 1980]. The problem has been 
quantitatively investigated in several definitive papers by 
Hunten and $trobel [1974] and Liu and Donahue [1974 a, b, el. 
The literature on the subject, along with comparisons with 
escape of hydrogen from the atmospheres of other planets, is 
reviewed by Hunten and Donahue [1976] and Hunten [1982]. 
The current research is motivated by three reasons. First, 
we now have a much improved data set of basic chemical ki- 
netics and photodissociation cross sections. Second, there 
has been a tremendous advance in our understanding of the 
chemistry and transport processes in the middle atmosphere 
[World Meteorological Organization (WMO), 1985; Allen et 
al., 1981, 1984]. Third, the D/H ratio in the thermosphere 
has recently been deduced from a simultaneous measure- 
ment of D + and H + by the mass spectrometer on Atmo- 
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sphere Explorer C satellite [Breig et al., 1987]. This ratio, 
8.4 x 10 -4 at the exobase, is about 5 times its value at 
sea level, 1.56 x 10 -4 [Craig, 1961]. The purpose of this 
paper is to update and revise the published models of hy- 
drogen escape and to extend the model to include the study 
of deuterium species. In addition to its intrinsic interest, 
the work should provide a valuable standard against which 
calculations of deuterium fractionation on the early Earth 
and other terrestrial planets can be compared. 
Three mechanisms have been shown to be important for 
the escape of hydrogen from the terrestrial atmosphere: 
thermal or Jean's escape [Chamberlain, 1963], nonthermal 
escape, which includes charge exchange [Cole, 1966; Tinsley, 
1973], and polar wind [Banks and Holzer, 1969]. In addition, 
it is now known [Hunten, 1973a, b; Hunten and $trobel, 1974; 
Liu and Donahue, 1974a, b, c] that the total escape flux of 
hydrogen is controlled by its source in the lower atmosphere 
and upward transport through the homopause. A simple 
theorem, known as Hunten's limiting flux theorem (see sec- 
tion on Thermal Escape), states that the maximum escape 
flux (q•e) is given by 
bi 
where bi is a binary collision parameter for molecular dif- 
fusion, Ha is the mean scale height of the atmosphere, and 
fi is the mixing ratio of total hydrogen (deuterium) at the 
homopause. From previous work we know that the limiting 
flux is attained by hydrogen. In this work we shall show 
that the limiting flux is also attained by deuterium. 
The strategy of this paper is as follows. We create the 
most complete one-dimensional photochemical model to 
date for hydrogen and deuterium species in the middle at- 
mosphere and the thermosphere. The model provides a re- 
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liable estimate of the upward fluxes of total hydrogen and 
total deuterium through the homopause. We can determine 
the effective escape velocities by requiring the model to re- 
produce the observed number densities of H and D at the 
exobase. As will be shown later, the velocities, vu and VD, 
derived from this study greatly exceed those given by the 
thermal effusion velocities and can provide a quantitative es- 
timate of the nonthermal components of the escape fluxes. 
Having determined the nonthermal fluxes, we proceed to 
make a more detailed investigation of the charge exchange 
and the polar wind mechanism for escape. The results sug- 
gest that, within a factor of 2, we can justify the derived 
values of nonthermal fluxes. The implications of our model 
for atmospheric evolution are briefly discussed. 
PHOTOCHEMISTRY 
Although the ultimate source of hydrogen-containing spe- 
cies in the upper atmosphere is water in the ocean and 
methane produced by the biosphere, a chemical model en- 
compassing the middle atmosphere and the thermosphere, 
from 50 to 432 km, is adequate for investigating the prob- 
lem of hydrogen escape. The bulk of hydrogen in the middle 
atmosphere resides in the parent molecules H20 and CH4, 
which have been accurately measured [Farmer et al., 1987]. 
Since above 50 km the abundance of H20 is much higher 
than that of CH4, we shall assume for simplicity that the 
destruction of CH4 always results in the production of H20, 
thereby avoiding a detailed investigation of CH4 photochem- 
istry in the model. 
A detailed discussion of the chemistry of the hydrogen- 
containing radical species (H, OH, and HO2) and the more 
stable hydrogen-oxygen species (H2, H20, and H202) is pre- 
sented by Allen et al. [1984]. We shall summarize here the 
important reaction pathways controlling the conversion of 
H20 into H2 and H. These reactions are illustrated in Fig- 
ure 1. The reader is referred to Table l a for a complete 
listing of the model reaction set. 
Escape 
-t- 
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Fig. 1. Important reactions for the conversion of H20 to H 
and H2. The hydrogen-containing radical species (enclosed in 
the dashed-line box) interconvert rapidly below the mesosphere, 
as summarized schematically _by the dotted arrows. Reactions 
between these radical species can result in forming H2 or 
reforming H20. 
The first step in the escape of hydrogen is the decomposi- 
tion of mesospheric H20 into H and OH or H2 via photoly- 
sis or reaction with O(•D), the latter being derived from 
O3 photolysis. The hydrogen-containing radicals formed 
rapidly react with each other to revert back to H20, primar- 
ily by the OH + HO2 (reaction (R24), where Rn is the reac- 
tion number in Tables la, lb, and lc) channel. In the lower 
mesosphere, OH + OH (R20) also contributes to reforming 
H20, while in the upper mesosphere H + HO2 (R19c) be- 
comes important. 
The H20 photolysis channel directly leading to H2 for- 
mation (R3b) is 10% of the total H20 decomposition at the 
mesopause, decreasing in importance with decreasing alti- 
tude. The H + HO2 channel eading to H2 (R19b) can be of 
equal or greater importance in the mesosphere, depending 
on altitude. Since H• is fairly inert chemically, it acts as a 
carrier of elemental hydrogen to the upper atmosphere. 
Above the mesopause, H is the predominant hydrogen- 
containing radical and is chemically long-lived relative to 
upward transport timescales. The decomposition of H20 
is then an effective source of the H that will diffuse to the 
exobase and escape from the atmosphere. In this altitude 
range, H2 is ultimately converted fully into H by reactions 
with OH (R23), O(•D) (R14), and O (R5). 
The important chemical and physical processes governing 
the escape of deuterium from the Earth's atmosphere are 
similar to those discussed above for hydrogen. (See Table 
lb for a complete listing of reactions related to deuterium 
chemistry.) The primary reservoirs of D in the middle at- 
mosphere are HDO and CH3D. Again, we shall make the 
simplifying assumption that the destruction of CH3D leads 
to the production of HDO, thus avoiding a detailed investi- 
gation of the photochemistry of CH3D. 
The chemical pathways for converting HDO into HD in 
the mesosphere are analogous to the processes forming H2. 
Photolysis of HDO can result in D (reaction (R28b) or 
(R28d)) or OD (R28a). D can be derived from OD via re- 
action with atomic O (R35). Rapid recombination with O2 
to form DO2 (R41) and subsequent reaction with H (R44b) 
leads to HD. Also the reaction of D with HO2 (R43b) is 
important for producing HD. 
The molecule HD acts as a carrier of deuterium to the up- 
per thermosphere, where it is decomposed by reaction with 
atomic O, O(•D), and OH to form D or OD. Again, OD can 
be converted to D by (R35). However, at the low densities of 
the upper thermosphere, three-body recombination is quite 
slow; the D produced is relatively inert and can diffuse up 
to the exobase. 
Since much of the chemistry of deuterium species is sim- 
ilar to that for hydrogen, it will not be discussed in detail 
here. The reader is referred to a paper on hydrogen and 
deuterium escape from the Martian atmosphere by Yung et 
al., [1988]. 
PHOTOcHEMICAL MODEL 
The one-dimensional photochemical model is based on the 
model of Allen et al. [1981, 1984] for the mesosphere and the 
lower thermosphere, extended to the exobase. The altitude 
range is 50-432 km. The chemical kinetics has been updated 
according to DeMote et al. [1987]. The solar flux we adopt 
corresponds to that appropriate for solar minimum condi- 
tion [Rottman, 1981]. The model atmosphere above 120 km 
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TABLE la. List of Essential Reactions for the Thermosphere With Their Preferred Rate Coefficients 
Reaction 
No. Reaction Rate Constant Reference 
(Rla) 02 q- hy -• 20 4.8 x 10 -8 a (Rib) 02 + hy -• 02 + O(1D) 1.6 x 10 -6 a (R2a) 03 q- hy -* 02 q- O 9.0 x 10 -4 b (R2b) 03 + h•, --• 02 + O(1D) 5.7 X 10 --3 b (R3a) H20 q- h•, --• H q- OH 5.5 X 10 -6 c (R3b) H20 + hy • H2 + 0(1D) 3.8 X 10 -7 c (R3c) H20 + h•, --• 2H + O 4.5 x 10 -7 c (R4) H202 + h•, --• 2OH 6.8 x 10 -5 d (RS) O + H2 --• OH + H 1.6 x 10 -11 e -457ø/T e (R6) 20 + M --• 02 + M 4.3 x 10 -2s T -2 e (R7a) 20 + 02 -• 03 + O 6.4 x 10 -35 e øø3IT f (R7b) O + 202 -• 03 + 02 6.4 x 10 -35 e øø3IT f (R7c) O + 02 + N2 --• O3 + N2 5.0 x 10 -35 e 724/T f (R8) O + 03 --• 202 8.0 x 10-12 e-2000/T g (R9) O + OH -• 02 + H 2.2 X 10 -11 e 120/T g (Ri0) O + HO2 -• OH + 02 3.0 x 10 -11 e 200/T g (Rll) O + H202 --• OH + HO2 1.4 x 10-12 e-2000/T g (R12) O(1D) + N2 • O + N2 1.8 x 10 -11 e 110/T g (R13) O(1D) + 02 • O + 02 3.2 x 10 -11 e 70/T g (R14) O(1D) + H2 -• H + OH 1.0 x 10 -1ø g (R15) O(1D) q- H20 --} 2OH 2.2 x 10 -1ø g (R16) 2H + M • H2 + M 1.0 x 10-3øT -ø's h (R17) H + 02 + M --• HO2 + M ko -- 5.7 X 10 -32 (300/T) 1'ø g 
koe = 7.5 x 10 -11 g 
(R18) H q- 03 • OH + 02 1.4 X 10 -10 e -470/T g (R103) H + HO2 -• 2OH 7.05 x 10 -11 g (R19b) H + HO2 -* H2 + 02 7.29 x 10-12 g (R19c) H + HO2 --• H20 + O 3.24 x 10-12 g (R20) 2OH -• H20 q- O 4.2 x 10 -12 e -240/T g (R21) 2OH + M --• H202 q- M ko = 6.9 x 10 -31 (300/T) ø's g 
ko• = 1.0 x 10 -11 (300•T) g 
(R22) OH + 03 -• HO2 + 02 1.6 x 10-12 e-O40/T g (R23) OH + H2 -• H20 + H 5.5 x 10-12 e-2000/T g (R24) OH + HO2 --• H20 + 02 4.6 x 10-11 e230/T g (R25) OH q- H202 --• H20 q- HO2 3.3 x 10 -12 e -200/T g (R26) 2HO2 --• H202 q- 02 2.3 x 10 -13 e øøø/T g (R27) HO2 + O3 --• OH + 202 1.1 x 10 -14 e-500/T g 
The units for mean photolysis rates (J), and two-body and three-body reactions (k) are s -1 , cm3s -1 , and 
cmos - 1, respectively. The numerical values for photolysis refer to optically thin region. Reactions for deuterated 
species are included in Table lb. 
Reference citations are as follows: a, Kirby et al. [1979], Watanabe [1958], Ackerman [1971], Kley [1984], Hudson 
[1974], WMO [1985], Hudson and Reed [1979], Hudson and Mahle [1972], Prather [1981], Herman and Mentall [1982], 
Shardanand and Rao [1977], Carver etal. [1977]; b, Ackerman [1971], WMO [1985], DeMote tal. [1985]; c, Watanabe 
and Zelikoff [1953], Thompson etal. [1963], Kley [1984], Lee and Suto [1986], Haddad and Samson [1986], Slanger and 
Black [1982], Stief etal. [1975], Wu and Judge [1981]; d, Schiirgers and Welge [1968], C•imate Impact Assessment Program (CIAP) [1975], DeMote tal. [1985]; e, Hampson ['1980]; f, Klais etal. [1980], Allen et al. [1984]; g, DeMote tal. 
[1987]; and h, 7•rainor etal. [1973]. 
was constructed self-consistently according to Bates [1959] 
and Chamberlain and Hunten [1987, appendix III] for the 
nonreacting species and by solving the continuity equation 
for the reactive species. The appropriate boundary condi- 
tions for the model are summarized in Table 2. 
The exospheric temperature in midwinter 1974, when the 
relevant measurements of interest to this paper were made 
by the Atmosphere Explorer C, was 930 K [Breig et al., 
1987]. At this temperature the thermal effusion velocities 
for H and D are 331 and 0.21 cm s -1, respectively. From 
previous experience with modeling H escape [Liu and Don- 
ahue, 19743, b, c], we expect the effective scape velocities 
for H and D to be much higher due to contributions from 
nonthermal processes. In this work we will take the effective 
escape velocities as unknown parameters, to be determined 
by requiring the model to reproduce the concentrations of
H and D derived from observations. By trial and error we 
arrive at the appropriate escape velocities for H and D given 
in Table 2. 
The continuity equations are solved for all important spe- 
cies in the model. Transport is parameterized by eddy dif- 
fusion, and we adopt he diffusivity profile of Allen et al. 
[1981]. The model is a diurnally averaged photochemical 
model for mid-latitude insolation. The numerical method 
is described by Allen et al. [1981]. In actual computation 
we first solved for the hydrogen species. Then we fixed the 
hydrogen species and solved for the deuterium species. The justification for this procedure is the fact that D/H << 10 -2 
throughout the entire atmosphere, and hence the chemistry 
of deuterium has virtually no impact on that of hydrogen. 
The temperature T used in the model is given in Fig- 
ure 23. Altitude profiles for the eddy diffusivity K, and 
molecular diffusivity, DH (for hydrogen) and Do (for oxy- 
gen), in our model are shown i  Figure 2b. Computed re- 
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TABLE lb. List of Essential Reactions for Deuterated Compounds 
Reaction 
No. Reaction Rate Constant Reference 
(R28a) HDO + hy -* H + OD • J3a a (R28b) HDO + h•, • D + OH • J3a a 
(R28c) HDO + h•, -• HD + O(1D) J3b b 
(R28d) HDO + h•, -, H + D + O J3c b 
(R29) HDO2 + h•, --• OH + OD J4 a 
(R30a) O + HD -, OH + D ka + kb = 1.74 X 10 -12 e -4ø5ø/T c 
(R30b) O + HD --} OD + H • = 0.5 e -75ø/T kb C 
(R31) OH + D -, OD + H 3.3 x 10 -9 T -ø'03 d 
(R32) OD + H -, OH + D 4.58 x 10 -9 T -0'63 ½--717/T d 
(R33) D + HO2 -* DO2 + H 1.0 x 10-1ø d 
(R34) H + DO2 -* HO2 + D 1.85 x 10 -1ø e-Søø/T d 
(R35) O + OD -• 02 + D k9 a 
(R36) O + DO2 -• OD + 02 klo a 
(R37a) O + HDO2 -* OD + HO2 •kll b (R37b) O + HDO2 -• OH + DO2 •kll b (R38a) O(1D) + HD -, H + OD 0.41(k14) b 
(R38b) O(1D) + HD -+ D + OH 0.41(k14) b 
(R39) 0( 1 D) + HDO --• OD + OH kl5 a 
(R40) H + D + M -+ HD + M k16 a 
(R41) D + O2 + M --• DO2 + M k17 a 
(R42) D + 03 -+ OD + 02 0.71(k•8) b 
(R43a) D + HO2 -, OH + OD 0.71(k19a) b 
(R43b) D + HO2 -+ HD + 02 0.71(k19b) b 
(R43c) D + HO2 -+ HDO + O 0.71(k•9c) b 
(R44a) H q- DO2 --* OH + OD k19a a 
(R44b) H + DO2 -* HD + 02 k19b a 
(R44c) H + DO2 -* HDO + O k19c a 
(R45) OD + OH -* HDO + O k2o a 
(R46) OD + OH + M -* HDO2 + M k21 a 
(R47) OD q- O3 • DO2 q- 02 k22 a 
(R48a) OD + H2 --• HDO + H k23 b 
(R48b) OD + H2 --} H20 + D 0 b 
(R49a) OH + HD -+ HDO + H •k23 e (R49b) OH + HD -• H20 + D •-oo k23 e 
(R50) H + HD -• H2 + D 6.31 x 10 -11 e-4ø38/T b 
(R51) D + H2 -• HD + H 6.31 x 10 -11 e -3821/T b 
(R52) OD + HO2 -* HDO + 02 k24 a 
(R53) OH + DO2 -• HDO + 02 k24 a 
(R54) DO2 q- 03 '--} OD + 202 k27 a 
(R55a) OD q- H202 -• HDO + HO2 k25 b 
(R55b) OD + H202 -• H20 + DO2 0 b 
1 (R56a) OH + HDO2 -• HDO + HO2 •k25 a (R56b) OH + HDO2 -+ H20 + DO2 •k25 a 
(R57) DO2 + HO2 -• HDO2 + 02 k26 a 
References citations are as follows: a, Kasting and Pollack [1983]; b, assumed; c, Garrett et al. [1986]; d, Yung et 
a/. [1988]; e, estimate based on Ravishankara et al. [1981]. 
suits from our standard model for the total number den- 
sity, n, and the nonhydrogen species, N2, 02, O, Ar, He, 
03, and O(1D), are shown in Figure 3. The concentrations 
of hydrogen species, H20, H, OH, HO2, H202, and H2, 
are given in Figure 4. Figure 5a presents both the major 
reactions which control the loss of H20, (R3) H20 + hy, 
(R15) O(1D)q-H20, and the major reaction that results 
in production of H20, (R24) OH q- HO2. (Note that in 
Figures 5, 6, 8, and 9 we only present results from 50 to 
200 km, although all computations were carried out from 
50 to 432 km.) The column-integrated destruction rate is 
1.02 x 10 lø cm -2 s -1. The corresponding producing rate 
is 8.82 x 10 ø cm -2 s -1. Therefore nearly 90% of H20 de- 
struction leads back to H20. Only about 10% is converted 
to H2. Figure 5b presents the major reactions which pro- 
duce $2, (R19b) $ q- SO2, (R3b) $20 q- hy, and reactions 
which destroy H2, (R5) H2 + O, (R14) H2 + O(1D), (R23) 
H2 q- OH. H2 serves as a carrier of hydrogen to the upper 
atmosphere above 100 km. Above 150 km the molecule is 
not stable against (R5) and (R14) and is readily converted 
to H. The fluxes of the long-lived hydrogen species, H20, H, 
and H2 are shown in Figure 6. In the lower atmosphere (be- 
low 100 km) the major carrier of hydrogen flow is H20. In 
the upper atmosphere (above 100 km) the major carriers are 
H and H2. The flow of H20 in the model is always upward. 
H and H2, produced primarily between 80 and 100 km, can 
flow both upward and downward. These results generally 
reproduce the computations of Liu and Donahue [1974a], 
where our models overlap (Liu and Donahue's model has an 
upper boundary at 140 km), and support the overall picture 
of hydrogen escape described in the previous section. Minor 
differences may be attributed to the updating of chemical 
kinetics. 
The computed results of the deuterated species HDO, D, 
OD, DO2, HDO2, and HD are summarized in Figure 7. 
The major destruction reactions for HDO, (R28) HDO + hy, 
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TABLE 2. Boundary Conditions for the Standard Model 
Species Lower Boundary Upper Boundary 
(50 km) (432 km) 
N2 f =0.781 4,=0 
O 4,=0 4,=0 
O(1D) 4,=0 4,=0 
O2 f = 0.209 4, = 0 
03 f -- 2.2 x 10 -6 4, = 0 
H 4, = 0 v = 1.4 x 10 3 
H2 f = 5.9 x 10 -7 v = 0.21 
OH 4,=0 4,=0 
H02 4,=0 4,=0 
H202 f ---- 5.0 X 10 -11 4, ---- 0 
H20 f -- 7.0 X 10 -6 4, = 0 
D 4, = 0 v = 1.9 x 102 
HD f = 1.6 x 10 -10 v = 1.2 x 10 -4 
OD 4,=0 4,=0 
DO2 •b=0 4,=0 
HD02 4, = 0 4, = 0 
HDO f = 2.2 x 10 -9 4, = 0 
He 5.2 x 10 -6 4, = 0 
Ar 9.3x 10 -3 •=0 
There are types of boundary conditions. We can specify the mix- 
ing ratio f, the flux 4, (cm-2 s-1), or the escape velocity v (cms-1). 
The abundances for H20 and HDO include contributions from CH4 
and CH3D, respectively. The effective escape velocities for H and D 
axe obtained by matching the model to the observations; those for 
H2 and HD axe thermal effusion velocities. 
(R39) HDO + O(1D), and the major production reactions, 
(R52) OD + HO2, (R53) OH + DO2, are shown in Figure 
8a. Figure 8b presents the main reactions for producing 
HD, (R43b) D + HO2, (R44b) H + DO2, (R28c) HDO + 
and for destroying HD, (R30) HD + O, (R38) HD + O(1D), 
(R49) HD + OH. Figure 9 gives the fluxes of the major deu- 
terium species HDO, D, and HD. 
A summary of the essential aspects of the model and re- 
sults for hydrogen and deuterium are given in Table 3a. 
There is a minor discrepancy between the altitude for the 
exobase (n = 4.7 x 107 cm-3; see Chamberlain a d Hunten 
[1987], for definition) computed in our model and that of 
Breig et al. [1987]. This discrepancy is caused by the way 
that the temperature profile (see Figure 2a) is interpolated 
between the exosphere and the mesosphere. This slight dis- 
placement of 30 km does not affect the principal results of 
our model. 
Numerous runs were carried out to test the sensitivity of 
our model to key assumptions. The reactions, 
(R24) 
(R19b) 
OH + H02 -• H20 -t- 02 
H + H02 -• H2 -t- 02 
0 -t- H2 -• OH + H 
respectively, play a fundamental role in the conversion of 
hydrogen-containing radicals to H20, in producing H2, and 
in destroying H2. When the rate coefficients, k24, k19b, and 
k5 were each varied by a factor of 2 in the standard model, 
the magnitude of the hydrogen escape flux varied by less 
than 1%. We note that these reactions do not result in a 
net change in the total hydrogen content of the atmosphere. 
Hence by Hunten's limiting flux theorem, they have no im- 
pact on the escape flux. We also carried out runs varying the 
eddy diffusivity profile by factors of 2. The resulting fluxes 
varied by less than 1%. However, when we increased the 
molecular diffusivity profile for H and H2 by a factor of 2, 
there was a corresponding factor of 2 increase in the escape 
flux. Again, these results are in agreement with the predic- 
tions of Hunten's theorem and demonstrate that the escape 
o 
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Fig. 2a. Altitude profile of temperature, T, adopted for the model. 
exosphere is 930 K. 
The asymptotic temperature in the 
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Fig. 2b. Altitude profiles of eddy diffusivity K and molecular diffusivity DH (for H) and Do (for O). 
fluxes computed by our model are robust results, largely 
independent of the detailed chemistry in the model. 
THERMAL ESCAPE 
The effusion velocity predicted by Jeans formula is 
B Vth (1 + A)e -x (v)= 
where 
2kT Vth • -- rn 
GMm 
kTr 
and the symbols have their usual meanings [Chamberlain and 
Hunten, 1987]. The efficiency factor B equals 0.72 for hydro- 
gen escaping from an O-atom-dominated exobase [Chamber- 
lain and Smith, 1971; Hunten and Donahue, 1976] and the 
same value is adopted for deuterium. Using this formula, 
we obtain velocities 331 and 0.21 cm s -• for H and D 
respectively. These values are significantly lower than the 
corresponding effective scape velocities 1.4 x 103 and 190 
cm s- • deduced, in the previous ection. Therefore we con- 
clude that the escape of H and D is primarily nonthermal. 
The reason is that the exospheric temperature Te is rela- 
tively low (930 K). The same conclusion is not true at solar 
maximum, when Te is 1500 K [Liu and Donahue, 1974b]. 
In order to understand the sensitivity of our results to 
the assumed effective escape velocities for H and D, we ran 
a large number of cases with different velocities. The re- 
suits for the fluxes and concentrations of H and D at the 
exobase as a function of escape velocity are summarized in 
Figures 10a and 10b. It is clear from these results that 
Hunten's limiting flux for hydrogen is attained over a wide 
range of escape velocities near those used in the standard 
model. The limiting flux is marginally attained by D in the 
standard model. A significant drop in the escape velocity 
would have an impact on the flux of D. The important fluxes 
are defined and summarized in Table 3b. 
Our hydrogen escape flux, •b•(H) - 3.02 x l0 s cm -2 s -•, 
based on total hydrogen mixing ratio ft - 15.2 ppm at 
50 km, is in good agreement with the flux 2.68 x 10 s cm -2 
s -•, computed by Liu and Donahue [1974c] in a model with 
ft - 14.8 ppm at 50 km. In our model the sphericity of the 
atmosphere is taken into account. Unless otherwise stated, 
all our fluxes are per square centimeter of the surface of 
the Earth. There is no mention of a sphericity correction 
in the work of Liu and Donahue. Therefore assuming that 
their flux was computed for the exobase, we obtain a flux 
of 3.06 x 10 s cm -• s -• referred to the surface, in com- 
plete agreement with our result. However, our deduced ther- 
mal flux at 926 K, •b•(H) - 7.14 x 107 cm -• s -•, is higher 
than that deduced by Liu and Donahue [1974b] for 950 K, 
3.67 x 107 cm -• s -•. The discrepancy may be attributed 
to the inaccuracy in the number density of H deduced using 
Ly a observations of Bertaux [1975] and Vidal-Madjar et al. 
[1974]. In our study we use the number density of H and 
the exospheric temperature reported by Breig et al. [1987] 
on the basis of mass-spectrometric measurements. We be- 
lieve that the in-situ measurements of H are more accurate 
than those deduced from remote sensing using scattered ra- 
diation. Our major conclusions regarding the escape of D 
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TABLE 3a. Comparison of Model and Observations of Breig et aL [1987] 
Model Observation 
Exospheric temperature, K 926 930 
Exobase altitude, km 432 402 
[O] at exobase, cm -3 4.68 x 107 4.7 x 107 
[HI at exobase, cm -3 1.89 x 105 1.9 x 105 
[D] at exobase, cm -3 1.61 x 102 1.6 x 102 
are (1) Hunten's limiting flux is attained, and (2) almost 
100% of the deuterium escape is due to nonthermal pro- 
cesses. The first result is new. The second has been an- 
ticipated by Kockarts [1972], although no quantitative flux 
computation was reported. 
NONTHERMAL ESCAPE 
In the previous section we found that about 76% of the 
hydrogen escape and 100% of the deuterium escape in our 
model must be explained by nonthermal escape processes. 
In this section we examine some of the previously studied 
nonthermal escape processes in order to determine whether 
these well-known processes can account for the magnitude 
of the nonthermal escape flux required by our model. 
Various nonthermal escape mechanisms have been stud- 
ied extensively in the past two decades, and good reviews 
of some of the earlier ideas are given by Chamberlain [1963], 
Tinsley [1974], and Hunten and Donahue [1976]. Detailed 
quantitative studies have been performed for the two most 
important terrestrial nonthermal hydrogen-escape mecha- 
nisms, charge exchange [e.g., Maher and Tinsley, 1977] and 
polar wind [e.g., Banks and Holzer, 1969!. These two mech- 
anisms are somewhat complementary processes: charge ex- 
change works only at middle and low latitudes in regions 
with closed magnetic field lines, while polar wind loss takes 
place at high latitudes in regions with open magnetic field 
lines. Within their respective regions the polar wind process 
seems to be the more effective, but charge exchange dom- 
inates (at least for hydrogen escape) when the fluxes are 
averaged over the entire globe. 
We have extended the previous charge-exchange model of 
Maher and Tinsley [1977] and polar wind model of Banks 
and Holzer [1969] to include the escape of deuterium as well 
as hydrogen. By estimating the relative efficiency at which 
D and H escape to space, we can compare the predicted 
nonthermal H and D escape flux (due to charge exchange 
and polar wind) with the nonthermal escape flux required 
by our photochemical model and so evaluate our current 
knowledge concerning nonthermal escape. 
Charge Exchange 
Hot ions in the plasmasphere are trapped in the Earth's 
magnetic field and cannot escape. However, they can ex- 
change charge with atoms in the exosphere to create fast 
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TABLE 3b. Summary of Fluxes for H and D Computed by Our Model 
i Type •bi (H) •bi (D) Ri 
(1) total 3.02 x 10 $ 3.49 x 104 0.74 (2) thermal 7.14 x 107 3.9 x 101 3.5 x 10 -3 (3) expected nonthermal 2.31 x 10 $ 3.49 x 104 0.97 
(4) charge xchange 1.41 x 10 $ 5.38 x 103 0.24 (5) polar wind 4.6 x 107 1.5 x 104 2.1 (6) computed nonthermal 1.9 x 10 $ 2.0 x 104 0.67 
•4 -[- •5 
Fluxes are given in atoms cm -2 s -1. The efficiency factor Ri is defined by Ri = (•bi(D)/•bi(H))/(D/H)o, 
where (D/H)o refers to sea level. 
neutral atoms. These neutral atoms can escape from the 
Earth if they have enough energy after the charge-exchange 
reaction and if they are pointed up rather than down toward 
the Earth. The charge-exchange mechanism only becomes 
important in the regions of the ionosphere above the exobase 
and is only important if ion temperatures are higher than 
the neutral temperatures. 
Four reactions govern the charge-exchange loss of hydro- 
gen and deuterium from the Earth (see Table lc). These 
reactions proceed very rapidly and are temperature depen- 
dent. The fast neutral H and D atoms produced in these 
four reactions will have nearly the same average energy as 
the incident ions and will have velocities which follow a 
Maxwellian velocity distribution. Since the 1974 AE-C or- 
bits [Maher and Tinsley, 1977] show ion temperatures Ti 
ranging from 1000 to 6000 K, the product neutrals will have 
average energies ranging from 0.09 to 0.52 eV. Those atoms 
with velocities in the tail of the MaxwellJan velocity distri- 
bution with energies greater than 0.66 eV for hydrogen or 
1.3 eV for deuterium can escape. The fraction of the atoms 
that will escape, aH and a D is determined in the follow- esc esc, 
ing manner' 
where B is the efficiency factor - 0.72 for the Earth (see the 
section on thermal •scape), the index j = 1, 2 for H and D, 
respectively, uj is the most probable velocity, 
•2kTi •J = mj 
and Vesc is the escape velocity, 11.2 km s -1. Figure 11 shows 
• and D with height in the exosphere the variation in 
o 
o 
•0 
.•.• 
10 -5 
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TABLE lc. List of Essential Reactions for the Ionosphere With Their Preferred Rate Coefficients 
Reaction 
No. Reaction Rate Constant Reference 
(R58) Hf+ast + H --• Hfast + H + 6.5 x 10-ix • a 
(R59) + Hfast + O --• Hfast + O + 0.80 k58 b 
(r60) + D fast + H • Dfast + H + 0.87 k58 b 
(R61) + Dfas• + O --• Dfas• + O + 0.58k58 b 
(R62) O + + H • O + H + see text 
(R63) H + + O • H + O + see text 
(R64) O + + D -• O + D + 0.73 k62 b 
(R65) D + + O • D + O + 0.73 k63 b 
Reference citations axe as follows: a, Newman et al. [1982]; b, estimated. 
(when an ion temperature profile similar to Figure i of Ma- 
her and Tinsley, [1977] is used). Note that •/ aesc is several 
orders of magnitude larger than v aesc in the lower part of 
the exosphere but is only a factor of 3 larger high up in the 
exosphere. 
If we assume that the velocities of the neutral species H, 
D, and O in the thermosphere follow a Maxwell-Boltzmann 
distribution, then the equations for the charge-exchange es- 
cape flux of hydrogen and deuterium (see equation (4) of 
Maher and Tinsley [1977]) can be simplified to 
H D 
where aesc and aesc are the escape fractions of H and D, k 
is the rate coefficient of the relevant reaction, [H+], [D+], 
[HI, [D], and [O] are the number densities of the relevant 
species, and the integral is evaluated from the exobase (Zc) 
to the plasmapause (Zpp), So is the radius of the Earth, and 
(Ro + z)2/Ro 2 normalizes the flux to the Earth's surface. 
The first charge-exchange reaction listed in Table lc 
(R58) is the only reactloft that has been studied in the 
laboratory [Newman et al., 1982], but the other rate coef- 
ficients can be calibrated from this reaC•tion by consider- 
ing theoretical studies of charge-exchange reactions. Such 
studies show that the rate coefficient k is proportional to 
(a/•) x/2, where a is the polarizability of the n•utral spe- 
cies and •u = mimn/(mi -•-mn) is the reduced mass of the 
ion-neutral system [cf. Bauer, 1973]. The pol•izability of 
atomic oxygen is 8.02 x 10 -•25 cm s and of •tomic hydrogen is
6.67 x 10 -25 cm s [Miller and Bedepson, 1977]. The values for 
the rate coefficients (kss-k6x)', adopted in our computation 
are summarized in Ta]•le lc. • 
Maher and Tinsley [1977] used data on ion and electron 
temperatures and concentrations obtained by the Atmo- 
sphere Explorer C and A•ecibo to calculate the hydrogen 
escape flux from the Ekrth. They found escape fluxes (nor- 
malized to the Earth's•:Surfac•e) that range from 6 x 107 to 
7 x 10 s cm -2 s -x depending on latitude and time. 
We perform a similar calculation for hydrogen and deu- 
terium, using data from Breig et al. [1987] for a late af- 
ternoon (16 hours), mid-latitude (22øS), winter orbit of the 
AE-C. The concentrations of the neutral species H, D, and 
O are calculated assuming diffusive equilibrium with a ther- 
mospheric temperature of 930 K. Neutral concentrations of 
[H] = 1.9.105 , [D] = 1.5.102 , and [O1 = 2.2.107 cm -3 
at 450 km are chosen to match observations from the AE- 
C satellite [Breig et al., 1987], and the ion concentration 
profiles ([H +] and [D +]) are determined by assuming diffu- 
sive equillibrium with an ion temperature profile similar to 
Figure 1 of Maher and Tinsley [1977] (temperatures ranging 
from 1200 K at 500 km to 5500 K at 9500 km). The plasma- 
pause height zpp is chosen to be 9500 km. Figure 12 shows 
the exospheric oncentrations used in this charge-exchange 
study. 
Figure 13 shows our calculated charge-exchange escape 
rate as a function of altitude. We find an escape flux for 
hydrogen •b4(H) = 1.41 x 10 s cm -2 s -x, and for deuterium 
•b4(D) = 5.38 x 103 cm -2 s -x. The hydrogen escape value 
falls within the limits stated by Maher and Tinsley [1977] 
for the 1974 AE-C orbits. This result is somewhat fortu- 
itous, however. We used slightly different rate coefficients 
and density profiles than Maher and Tinsley. Our H + den- 
sities were lower for the most part, causing our calculation 
to be lower than theirs; on the other hand, our H + + O re- 
action rate was higher, causing our oxygen charge-exchange 
reaction to be more important than Maher and Tinsley real- 
ized and elevating our escape rate. In addition, Maher and 
Tinsley's values were normalized to 500 km, while ours were 
normalized to the surface. 
Polar Wind 
Protons and other ions cannot normally escape from the 
Earth's upper atmosphere because they are trapped by the 
magnetic field. At large magnetic latitudes, however, the 
field lines are open to the tail of the magnetosphere, and 
ions can rapidly escape along these field lines, in effect, cre- 
ating a "polar wind" of escaping ions. Neutral hydrogen 
and deuterium in the upper atmosphere can be ionized by 
charge-exhange reactions and so can escape from the Earth 
at high magnetic latitudes. 
The production of H + in the ionosphere is controlled by 
the charge-exchange reactions (R62) and (R63) (Table lc). 
The integral form of the continuity equation implies that the 
polar wind escape flux is 
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where k62 and k63 axe the forwaxd and reverse reaction rate 
coefficients of the chaxge-transfer equation, and the integral 
is evaluated throughout the ionosphere from about zx --• 250 
km to z2 • 3000 km [Liu and Donahue, 1974b]. 
The deuterium escape due to the polax wind mechanism 
is similax to that of the hydrogen escape. The key reactions 
are (R64) and (R65). Therefore the escape rate of D + is 
given by 
/ 1 
Z2 2 _ 1 So 
with k•4 and k•5 being the forward and reverse reaction 
rate coefficients. The integrals are evaluated over the same 
limits as in the H + escape problem. The concentrations of 
H+, D+, and O + are strongly affected by the outwaxd flow 
of ionospheric plasma, so a simple evaluation of these inte- 
grals is not possible. Banks and Holzer [1969] have studied 
the high-latitude transport of H + and He + in detail, using 
corrected ion concentrations. We will use their results to 
estimate the effect of polax wind flow of H + on the neutral 
hydrogen in the rest of the atmosphere. In addition, we 
will use their results to estimate the high latitude D + flow 
relative to the H + flow. 
Since the polaxizabilities of H and D axe neaxly identi- 
cal and since the reaction rates are proportional to •u -x/•, 
then k•4 - 0.73k• and k65 - 0.73k•3. If we also assume 
that [D]/[H] • [D+]/[H +] in the altitude region from 250 to 
3000 km then, roughly, 
•bpw (D)•0.73 ([D]) 
where ([DI/[H]) is the mean D/H ratio above the exobase 
(about 4.4 x 10 -4 according to data presented by Breig et 
al., [1987] and to our own exospheric model, as shown in 
Figure 12). 
The depletion of H + and D + in the polax region will cre- 
ate a lateral flow of neutral H and D from equator and mid- 
latitude regions to the poles needed to supply the outgoing 
ion flux [Banks and Holzer, 1969]. Using detailed calcula- 
tions of the polar wind flow and its effect on ion concen- 
trations in the polax regions, Banks and Holzer find an H + 
escape flux of •bpw(H) - 5.7 x l0 s cm -• s -x for a neutral 
exospheric temperature of 1000 K and an ion temperature 
of 2750 K, normalized to 1000 km. We follow the method 
of Liu and Donahue [1974b] in crudely estimating the effect 
of this polax wind flow on the rest of the globe by assuming 
that the polar wind flow is constrained to two spherical caps 
each 20 ø in width (a total of 6% of the total surface axea of 
the sphere). If we assume that the outgoing ion flux is sup- 
plied uniformly by lateral flow from the nonpolar latitudes, 
then a global average of 6% times 5.7 x 10 s times 1.34 to nor- 
malize to the Eaxth's urface or •bs(H) - 4.6 x 107 H atoms 
cm -• s -x will escape due to polar wind flow. We can find 
the global average of polar-wind-induced deuterium escape 
by appropriately scaling the hydrogen escape flux found by 
Banks and Holzer [1969]. In other words, 
[D]) (0.73)(6%)(1.34) •b5 (D) = •pw (H) -•] 
-- 1.5 x 10 4 cm-2s -! 
(•b5 is the globally averaged polar wind escape flux referred 
to the surface). Therefore the total nonthermal escape flux 
due to both the polax wind and chaxge-exchange mechanisms 
is 
•ba(H) = •b4(H) -[- •b5(H) = 1.9 x l0 s cm-2s -• 
•b0(D) = •b4(D) + •b5(D) = 2.0 x 10 4 cm-2s -x 
compared with the expected nonthermal fluxes of •b3(H) - 
2.3 x 10 s and •bs(D)- 3.5 x 104 cm -2 s -x. 
These results show that the chaxge-exchange and polar 
wind mechanisms do not seem to account for the total re- 
quired nonthermal escape flux (see Table 3b). The two 
mechanisms together account for about 83% of the non- 
thermal hydrogen flux and only about 57% of the nonther- 
mal deuterium flux. The discrepancy between the total re- 
quired nonthermal flux and the flux provided by charge ex- 
change and polar wind may be a real discrepancy or may 
just represent the uncertainty in our calculations. Small 
changes in magnetic parameters or solar insolation may have 
a big impact on the charge-exchange and polar wind es- 
cape fluxes and prevent exact calculations from being feasi- 
ble. In addition, our modeling of the lateral flow created 
by the polar wind mechanism was rather crude; a more 
detailed calculation will be necessary before a firm conclu- 
sion concerning the discrepancy can be reached. If we ar- 
bitrarily double the polar wind escape flux, then we have 
•b4(H)-]- 2•b5(H) = 2.4 x l0 s and •b4(D) -]- 2•b5(D) = 3.5 x 10 4 
cm -2 s -•. These results are in almost perfect agreement 
with the expected nonthermal fluxes •bz(H) and •bz(D). On 
the other hand, some unknown nonthermal escape process 
or one that has previously been considered insignificant may 
be important for escape of hydrogen and deuterium under 
the specific atmospheric conditions considered here. 
DISCUSSION 
We will now briefly discuss the insight we have gained 
about the mechanisms of the escape of H and D from the 
terrestrial atmopshere and the implications for atmospheric 
evolution. At solar minimum, for which our model is appro- 
priate, the escape of hydrogen is dominated by charge ex- 
change with somewhat less contribution from thermal evap- 
oration. Polar wind accounts for less than 20% of the total 
escape flux (see Table 3b for details). The charge exchange 
mechanism is in principle similar to the thermal mechanism. 
The main difference lies in the sources of the energetic par- 
ticles: hot ions versus hot neutrals in the respective tails 
of Maxwellian distributions. Since the ion temperature is 
much higher than the neutral temperature, this explains 
the higher efficiency of escape by charge transfer. At solar 
maximum the neutral temperature can exceed 1500 K and 
thermal escape may become more important than charge ex- 
change. Polar wind escape is relatively insensitive to either 
the ion or neutral temperature. 
The escape of D can best be understood by comparison 
with that of H. Let us define an efficiency factor for the 
escape of D relative to H, 
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Ri -- •bi(D)/•b, (H) (D/H)o 
where •bi(H) and •bi(D) are summarized in Table 3b, and 
(D/H)o refers to sea level. The efficiency factor for total 
escape is R1 - 0.74. This is primarily a consequence of 
Hunten's limiting flux theorem, and the primary factor con- 
tributing to this value is the lower molecular diffusion coef- 
ficient of D relative to H. Thermal escape of D is negligible 
because of its higher mass. Escape by charge exchange is 
also inefficient for the same reason. Hence polar wind be- 
comes the dominant mechanism, accounting for 75% of the 
computed nonthermal flux. Since polar wind operates only 
in the polar regions of the planetary exosphere, this is not a 
very efficient process. This is the primary reason for the ob- 
served exospheric D/H ratio enhancement by about a factor 
of 5 relative to (D/H)o. 
The escape of hydrogen at a constant rate given by •)1 (H) 
could produce 0.5 bar of O2 over the age of the planet. 
This source is, however, insignificant compared with the bio- 
spheric source [Walker, 1977]. If we also assume a constant 
value for Si, the preferential escape of H over D would result 
in a higher D/H ratio for seawater, 5D = 2O/oo. This uni- 
formitarian view may be too conservative. The D/H ratio 
in deep-sea tholeiite glass containing primordial He and Ne 
was measured by Craig and Lupron [1976] to be 77O/o0 lower 
than the ratio in present seawater (D/H = 1.56 x 10-4). If 
we take this value to be the D/H ratio of primordial water, 
the subsequent increase of the D/H ratio must be accounted 
for. Using the same analysis as that described in a recent pa- 
per on the evolution of H and D in the Martian atmosphere 
[Yung et al., 1988] and assuming a constant RI -- 0.74, we 
compute the ratio of the initial ocean to the present ocean 
masses to be 1.36. This implies that the escape of an amount 
of H20 equivalent to 36% of the present ocean has occurred 
in the past. A lower limit of the amount of H20 lost may be 
estimated by assuming that RI -- 0; that is, deuterium did 
not escape. In this case, the amount of lost H20 is equiva- 
lent to 8.3% of the present ocean. The mean •)1 (H) averaged 
over geologic time is 1.3-5.8 x 1010 cm -2 S -1 or about 50- 
200 times the present •bi(H). Although this flux is much 
higher than the present flux, it is within the limits of the 
input flux of hydrogen tothe early atmosphere, 1.9 x 10 o to 
1.9x10 ia cm -2 s -1 estimated by Holland [1984]. To account 
for such large fluxes we may have to invoke hydrodynamic 
escape arly in the Earth's history [e.g., Zahnle and Kasting, 
1986; Hunten et al., 1987; Zahnle et al., 1988]. It is not clear 
that our analysis is correct for such a large flux. Hence these 
results must be regarded as highly speculative. There may 
be an ambiguity in interpreting the data of Craig and Lup- 
ron [1976]. The authors mentioned that part of the D/H 
fractionation might have taken place during outgassing as 
the water separated from the melt. Hence the fractionation 
that may be attributed to escape could be much less. 
CONCLUSIONS 
Accurate measurements of D and H in the thermosphere, 
combined with detailed photochemical modeling, provide 
stringent constraints on the role of thermal and nonther- 
mal escape mechanisms for the loss of light species from the 
Earth's atmosphere. On the basis of the recent data of Breig 
et al. [1987] and our modeling studies, we conclude that pre- 
vious results obtained by Hunten and Strobel [1974] and Liu 
and Donahue [1974a, b, c] concerning thermal and nonther- 
mal escape processes are generally correct. However, our 
modeling of D provides an extension of previous modeling 
and a more quantitative assessment of the relative impor- 
tance of nonthermal mechanisms. Polar wind and charge ex- 
change are both important nonthermal escape mechanisms. 
Polar wind is more important than charge exchange for deu- 
terium escape, while charge exchange is more important for 
hydrogen escape. The two processes alone do not account 
for the full required nonthermal escape flux. This discrep- 
ancy may be due to the limits in our calculations of the 
charge-exchange and polar wind fluxes or may indicate that 
other nonthermal escape fluxes are important for the escape 
of H and D from the Earth. Our work has demonstrated 
the importance of the simultaneous measurement of total 
hydrogen (and deuterium) and crucial ions such as O + , H +, 
and D +. If the measurements are carried out at solar max- 
imum as well as solar minimum, this may provide crucial 
tests of our model. 
If the efficiency factor for the escape of D relative to H 
had remained constant in the past, a straightforward in- 
terpretation of the D/H measurement in deep-sea tholeiite 
glass would imply that as much water as 36% of the present 
ocean might have been lost by the escape of hydrogen. 
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